We calculate the cross section of J/ψ plus jet associated production in neutrinonucleon deep-inelastic scattering via the weak neutral current within the factorization formalism of nonrelativistic quantum chromodynamics. We present theoretical predictions for the J/ψ transverse-momentum and rapidity distributions, which can be measured in the CHORUS and NOMAD experiments at CERN. PACS numbers: 12.38.-t, 13.60.Hb, 13.60.Le, 14.40.Gx 1 There is a typographical error in the last equation of Eq. (9): Q 2 + 4m 2 c 2 in the denominator should be replaced by Q 2 + 4m 2 c 4 .
Introduction
Since its discovery in 1974, the J/ψ meson has provided a useful laboratory for quantitative tests of quantum chromodynamics (QCD) and, in particular, of the interplay of perturbative and nonperturbative phenomena. The factorization formalism of nonrelativistic QCD (NRQCD) [1] provides a rigorous theoretical framework for the description of heavyquarkonium production and decay. This formalism implies a separation of short-distance coefficients, which can be calculated perturbatively as expansions in the strong-coupling constant α s , from long-distance matrix elements (MEs), which must be extracted from experiment. The relative importance of the latter can be estimated by means of velocity scaling rules, i.e. the MEs are predicted to scale with a definite power of the heavy-quark (Q) velocity v in the limit v ≪ 1. In this way, the theoretical predictions are organized as double expansions in α s and v. A crucial feature of this formalism is that it takes into account the complete structure of the QQ Fock space, which is spanned by the states n = 2S+1 L (c) J with definite spin S, orbital angular momentum L, total angular momentum J, and colour multiplicity c = 1, 8. In particular, this formalism predicts the existence of colour-octet (CO) processes in nature. This means that QQ pairs are produced at short distances in CO states and subsequently evolve into physical, colour-singlet (CS) quarkonia by the nonperturbative emission of soft gluons. In the limit v → 0, the traditional CS model (CSM) [2] is recovered. The greatest triumph of this formalism was that it was able to correctly describe [3] the cross section of inclusive charmonium hadroproduction measured in pp collisions at the Fermilab Tevatron [4] , which had turned out to be more than one order of magnitude in excess of the theoretical prediction based on the CSM.
In order to convincingly establish the phenomenological significance of the CO processes, it is indispensable to identify them in other kinds of high-energy experiments as well. Studies of charmonium production in ep photoproduction, ep and νN deep-inelastic scattering (DIS), e + e − annihilation, γγ collisions, and b-hadron decays may be found in the literature; see Ref. [5] and references cited therein. Furthermore, the polarization of charmonium, which also provides a sensitive probe of CO processes, was investigated [6, 7] . Until very recently, none of these studies was able to prove or disprove the NRQCD factorization hypothesis. However, preliminary data of γγ → J/ψ + X taken by the DELPHI Collaboration [8] at LEP2 provide first evidence for it [9] .
In this paper, we revisit J/ψ inclusive production in νN DIS. In particular, we consider the process ν + N → ν + J/ψ + X, which is mediated via the weak neutral current (NC). First experimental evidence for this process was delivered two decades ago by the CERN-Dortmund-Heidelberg-Saclay (CDHS) Collaboration, who exposed an iron target in the wide-band neutrino beam produced by protons from the CERN Super Proton Synchrotron (SPS) and identified the J/ψ mesons through their decays to µ + µ − pairs [10] . Similar experiments are being performed by the NuTeV Collaboration at Femilab (Experiment E815) [11] and by the CHORUS [12] and NOMAD [13] Collaborations at CERN, using iron, lead, and iron targets, respectively. While NuTeV does not yet see evidence for NC production of J/ψ mesons, CHORUS nicely confirms the CDHS measurement. On the other hand, NOMAD has not yet released any results on this.
The process ν+N → ν+J/ψ+X can either proceed diffractively or nondiffractively. In diffractive processes, the target nucleons interact with the rest of the process via exchanges of colourless objects with small spacelike virtualities t, and they typically stay intact (elastic scattering) or turn into a hadronic system of small invariant mass (diffractive dissociation). On the other hand, in nondiffractive processes, they participate in the hard scattering via their quark and gluon content and are thus destroyed. The diffractive process ν + N → ν + J/ψ + X was studied in Ref. [14] in the framework of the colour evaporation model [15] . The aim of the present paper is to analyze its nondiffractive counterpart to lowest order (LO) in the framework of the NRQCD factorization formalism [1] . In a way, our analysis is complementary to the one of Ref. [16] , where e + p → e + J/ψ + X via photons with large virtualities Q 2 was investigated: while the photonquark coupling is purely vectorial, Z bosons couple to quarks mainly through axial-vector couplings, the vector-coupling strengths being numerically small.
The leading CS ME of the J/ψ meson is O ψ 3 S , with J = 0, 1, 2. At O(α 2 α s ), the so-called Z-gluon fusion mechanism [14] is realized by the CO partonic subprocesses ν
J [17] . In order to enable the production of the CS Fock state n = 3 S
1 , we need to allow for one additional gluon in the final state; i.e. Fig. 1 ). In the same order, we also have the CO partonic subprocesses ν + a → ν + cc[n] + a, where a = g, q, q, with q = u, d, s, and n = 1 S Fig. 1 ). The latter are plagued by collinear singularities in the limit of vanishing cc transverse momentum p ⋆ T in the Z ⋆ N centre-of-mass (CM) frame. Here, Z ⋆ denotes the virtual Z boson. These singularities could be avoided by introducing an appropriate cut on p ⋆ T . In a full next-to-leading-order (NLO) analysis, they would be factorized at scale M and absorbed into the bare parton density functions (PDFs) of the nucleon N so as to renormalize the latter.
In this paper, we provide analytical results for the cross sections of all the 2 → 3 partonic subprocesses enumerated above to LO within the NRQCD factorization formalism [1] . In the 2 → 2 case, we found agreement with Eqs. (8) and (9) of Ref. [17] 1 , so that there is no need to list our formulas. We then calculate the inclusive cross section of ν + N → ν + J/ψ + X in nondiffractive DIS under CHORUS [12] and NOMAD [13] kinematic conditions to LO in NRQCD and the CSM. We also consider the distributions in the J/ψ transverse momentum p T and rapidity y in the laboratory frame, which should be experimentally accessible. At first hand, one expects the 2 → 3 CS contribution to dominate the NRQCD result because its suppression by one power of α s ≈ v 2 relative to the 2 → 2 CO contribution is formally overcompensated by the fact that the leading CO MEs are of O(v 4 ) relative to the leading CS one. However, detailed analysis reveals that the CSM prediction is numerically suppressed relative to the NRQCD one. If it were not for the diffractive contribution, which is much harder to reliably predict from the first principles of QCD, this would lend itself to a powerful discriminator between the CSM and NRQCD. This paper is organized as follows. In Section 2, we present, in analytic form, the cross sections of the 2 → 3 partonic subprocesses enumerated above and explain how to calculate from them the total cross section of ν + N → ν + J/ψ + X in nondiffractive DIS as well as its p T and y distributions. Lengthy expressions are relegated to the Appendix. In Section 3, we present our numerical results and compare them with recent CHORUS data [12] . Our conclusions are summarized in Section 4.
Analytic results
In this section, we present our analytic results for the cross section of ν + N → ν + J/ψ + j + X in nondiffractive DIS, which proceeds through the 2 → 3 partonic subprocesses ν + a → ν + cc[n] + a mentioned in the Section 1. The jet j arises from the fragmentation of the additional final-state parton a. In our numerical analysis, we only consider the CS process and integrate its cross section over all kinematically allowed values of the j three-momentum. The CO processes are provided for future applications.
We work at LO in the parton model of QCD with n f = 3 active quark flavours and employ the NRQCD factorization formalism [1] to describe the formation of the J/ψ meson. We start by defining the kinematics. As indicated in Fig. 2 , we denote the four-momenta of the incoming neutrino and nucleon and the outgoing neutrino, J/ψ meson, and jet by k, P , k ′ , p ψ , and p ′ , respectively. The parton struck by the virtual Z boson carries four-momentum p = xP . We neglect the masses of the nucleon and the light quarks, call the one of the J/ψ meson M ψ , and take the charm-quark mass to be m c = M ψ /2. In our approximation, the nucleon remnant X has zero invariant mass, M 2 X = (P − p) 2 = 0. The CM energy square of the νN collision is S = (k + P ) 2 . The virtual Z boson has four-momentum q = k − k ′ . As usual, we define Q 2 = −q 2 > 0, y = q·P/k·P , and the inelasticity variable z = p ψ ·P/q·P . In the nucleon rest frame, y and z measure the relative neutrino energy loss and the fraction of the Z ⋆ energy transferred to the J/ψ meson, respectively. The Z ⋆ N CM energy square is W 2 = (q + P ) 2 = yS − Q 2 . The system X ′ consisting of the jet j and the nucleon remnant X has invariant mass square M 2
As usual, we define the partonic Mandelstam variables asŝ = (q + p) 2 
By four-momentum conservation, we haveŝ+t+û = M 2 ψ −Q 2 . In the Z ⋆ N CM frame, the J/ψ meson has transverse momentum and rapidity
respectively. Here and in the following, we denote the quantities referring to the Z ⋆ N CM frame by an asterisk. The second term on the right-hand side of Eq. (2) originates from the Lorentz boost from the Z ⋆ a CM frame to the Z ⋆ N one. Here, y ⋆ ψ is taken to be positive in the direction of the three-momentum of the virtual Z boson.
In the parton model, the nucleon is characterized by its PDFs f a/N (x, M), and, at LO, an outgoing parton may be identified with a jet. Thus, we have
where a = u, u, d, d, s, s, g. Furthermore, according to the NRQCD factorization formalism, we have
where, to LO in v, n = 3 S
J . Decomposing the transition-matrix element of the partonic subprocess ν + a → ν + cc[n] + a into a leptonic part,
where g = 2 1/4 G 1/2 F M Z , with G F being Fermi's constant, and a hadronic one, T µ (Z ⋆ +a → cc[n] + a), from which the virtual Z-boson leg is amputated, we can write its cross section as
where N q = N q = N c = 3 and N g = (N 2 c − 1) are the colour multiplicities of the partons a and the hadronic tensor H µν is obtained by summing the absolute square of T µ (Z ⋆ + a → cc[n] + a) over the spin and colour states of the incoming and outgoing partons. Here and in the following, we employ the Lorentz-invariant phase-space measure
The first factor in Eq. (6) stems from the flux and the second one from the average over the spin and colour states of the incoming parton. Integrating over the azimuthal angle of the outgoing neutrino, we may simplify Eq. (6) to become
with
is the leptonic tensor. Here, we adopt the convention ǫ 0123 = 1. The cross section of ν + a → ν + cc[n] + a emerges from Eq. (8) through crossing symmetry, by flipping the sign of the last term on the right-hand side of Eq. (9). In the following, the symbol ν collectively denotes neutrinos and antineutrinos. We evaluate the cross sections of the relevant partonic subprocesses ν+a → ν+cc[n]+a from Eq. (8) applying the covariant-projector method of Ref. [18] . Our results can be written in the form
where F a [n], T a [n], L a [n], and A a [n] are functions ofŝ,t,û, and Q 2 , which are listed in the Appendix. We combined the results for n = 3 P
J , with J = 0, 1, 2, exploiting the multiplicity relation
which follows to LO in v from heavy-quark spin symmetry. The T a [n] and L a [n] functions involve terms proportional to v i v j or a i a j , while the A a [n] functions involve terms proportional to v i a j , where i, j = q, c. Here, v q = I 3 q − 2e q sin 2 θ w and a q = I 3 q are the Zqq vector and axial-vector couplings, respectively, where I 3 q is the third component of weak isospin of the left-handed component of quark q, e q is the fractional electric charge of the latter, and θ w is the weak mixing angle. We recover our result for the cross section of e + a → e + J/ψ + a, given in Eq. (13) of Ref. [16] , by substituting in Eq. (11) g = e, v q = e q , v c = e c , a q = a c = 0, and M Z = 0, where e is the electron-charge magnitude.
For the CO Fock states n = 1 S
J , the cross sections of Eq. (11) exhibit collinear singularities in the limitt → 0. According to the factorization theorem, the limiting expressions must coincide with the respective ν + g → ν + cc[n] cross sections [17] multiplied by the spacelike a → g splitting functions. This provides another nontrivial check for our results.
Inserting Eq. (4) in Eq. (3) and including the maximum boundaries of the integrations over x andt, we obtain
where d 3 σ/dy dQ 2 dt (ν + a → ν + cc[n] + a) is given by Eq. (11). The kinematically allowed ranges of y and Q 2 are M 2 ψ /S < y < 1 and 0 < Q 2 < yS − M 2 ψ , respectively. The distributions in y and Q 2 can be evaluated from Eq. (13) as it stands. It is also straightforward to obtain the distributions in p ⋆ T and y ⋆ ψ , given in Eqs. (1) and (2), respectively, by accordingly redefining and reordering the integration variables in Eq. (13) .
The evaluation of the distributions in the J/ψ transverse momentum p T , rapidity y ψ , and azimuthal angle φ in the laboratory frame is somewhat more involved. Choosing a suitable coordinate system in the Z ⋆ N CM frame, we have
where
,
On the other hand, in the laboratory frame, which coincides with the nucleon rest frame, we have
where m is the nucleon mass,
Notice that y ψ is taken to be positive in the direction of the three-momentum of the incoming neutrino. Without loss of generality, we may require that 0 ≤ ψ ⋆ , ψ ≤ π, for, otherwise, we can achieve this by rotating the respective coordinate systems by 180 • around the z axis. We can then evaluate p T , y ψ , and φ from p ⋆ T , y ⋆ ψ , and φ ⋆ as
The third term on the right-hand side of Eq. (19) stems from the Lorentz boost from the νN CM frame to the laboratory one. Since p T , y ψ , and φ depend on φ ⋆ , the integration over φ ⋆ in Eq. (13) is no longer trivial, and we need to insert the symbolic factor (1/2π) 2π 0 dφ ⋆ on the right-hand side of that equation. For future applications, we also present compact formulas that allow us to determine p ⋆ T , y ⋆ ψ , and φ ⋆ , once p T , y ψ , and φ are given. In fact, Eqs. (18) and (20) can be straightforwardly inverted by observing that the quantity A defined in Eq. (21) can be expressed in terms of m T and y ψ by substituting Eq. (19), the result being
Having obtained p ⋆ T , we can then evaluate y ⋆ ψ from Eq. (19) . For the reader's convenience, we collect the relevant formulas here:
If the four-momentum p ψ + p ′ + P − p of the hadronic final state J/ψ + j + X can be measured in the laboratory frame, then the Z ⋆ four-momentum can be evaluated as q = (p ψ + p ′ + P − p) − P . Since the direction of the incident neutrino beam is given by the experimental set-up, the four-momenta k and k ′ of the incident and scattered neutrinos can thus be reconstructed using Eqs. (16) and (17). Then, the Z ⋆ N CM frame is well-defined, and p ⋆ T , y ⋆ ψ , and φ ⋆ can be determined. However, if the hadronic final state cannot be fully detected, then one can still measure p T , y ψ , and φ in the laboratory frame.
Numerical results
We are now in a position to present our numerical results. We first describe our theoretical input and the kinematic conditions. We use m c = (1.5 ± 0.1) GeV, M W = 80.419 GeV, M Z = 91.1882 GeV, sin 2 θ w = 1 − M 2 W /M 2 Z = 0.22225, G F = 1.16639 × 10 −5 GeV −2 , and the LO formula for α (n f ) s (µ) with n f = 3 active quark flavours [19] . The CHORUS Collaboration [12] chose the target material to be lead (Pb), which in average consists of A = 207.2 nucleons, Z = 82 of them being protons. The NOMAD Collaboration [13] uses iron (Fe), with A = 55.854 and Z = 26. Neglecting nuclear corrections and appealing to strong-isospin symmetry, the effective nucleon PDFs may be approximated by
where (a, b) = (u, d), (u, d), (d, u), (d, u) and c = s, s, g. We present the cross sections per nucleon, rather than per nucleus. One expects a nuclear correction factor of the form A α−1 , with an approximately A-independent value α > 1. For inclusive large-p T promptphoton and neutral-pion hadroproduction in fixed-target scattering, one approximately has α = 1.04 and 1.08, respectively [20] . In want of information on α for the present case, we ignore nuclear effects for the time being and employ Eq. (24) as it stands. As for the proton PDFs, we employ the LO set by Martin, Roberts, Stirling, and Thorne (MRST98LO) [21] , with asymptotic scale parameter Λ (4) = 174 MeV, as our default and the LO set by the CTEQ Collaboration (CTEQ5L) [22] , with Λ (4) = 192 MeV, for comparison. The corresponding values of Λ (3) are 204 MeV and 224 MeV, respectively. We choose the renormalization and factorization scales to be µ = M = ξ Q 2 + M 2 ψ and vary the scale parameter ξ between 1/2 and 2 about the default value 1. We adopt the NRQCD MEs from Table I of Ref. [7] . Specifically, they read O ψ 3 S
The corresponding values for set CTEQ5L are (1.4 ± 0.1) GeV 3 , (3.9 ± 0.7) × 10 −3 GeV 3 , and (6.6 ± 0.7) × 10 −2 GeV 3 , respectively. Since Eq. (13) is sensitive to a different linear combination of O ψ 1 S = (1 − κ) (m 2 c /r) M ψ r and vary κ between 0 and 1 around the default value 1/2. The CHORUS and NOMAD Collaborations use a wideband neutrino beam, which mainly consists of ν µ neutrinos and contains ν µ , ν e , and ν e admixtures of about 6%, 1%, and below 1%, respectively. The average ν µ energy is 27 GeV. Using accurate parameterizations for the energy spectra φ ν (E ν ) of the individual neutrino species ν [13] , we calculate the spectrum-averaged cross section as
In order to estimate the theoretical uncertainties in our predictions, we vary the unphysical parameters ξ and κ as indicated above, take into account the experimental errors on m c and the default MEs, and switch from our default PDF set to the CTEQ5L one, properly adjusting Λ (3) and the MEs. We then combine the individual shifts in quadrature, allowing for the upper and lower half-errors to be different.
In Figs. 3 and 4 , we respectively present the p T and y distributions of ν + N → ν + J/ψ + X in nondiffractive DIS predicted to LO in NRQCD (upper histograms). For comparison, we also show the corresponding CSM predictions (lower histograms). In each case, the theoretical errors, evaluated as explained above, are indicated by the hatched areas. Since the contributing partonic cross sections are all gluon-initiated and we neglect nuclear corrections, our predictions equally apply to the CHORUS and NOMAD experiments. We observe that the shapes of the CS and CO distributions are very similar. However, contrary to naïve expectations based on power counting, the CO contributions greatly exceed the CS ones in normalization. In fact, the integrated CS and CO cross sections are 2.6 +1.9 −1.3 × 10 −5 fb and 7.1 +4.0 −4.0 × 10 −4 fb, respectively, the ratio of the central values being 27. This unexpected suppression of the CSM prediction can be traced to the smallness of the effective νN CM energy √ S, which affects the 2 → 3 phase space of the CS process more severely than the 2 → 2 one of the CO processes. For E ν = 27 GeV, we have just √ S = 7.2 GeV. For a monoenergetic neutrino beam with E ν = 48 TeV, so that √ S = 300 GeV as for ep collisions at DESY HERA, the CO to CS ratio becomes 4.5. This should be compared with the corresponding analysis for ep nondiffractive DIS at HERA, with Q 4 > 2 GeV 2 , which yields a CO to CS ratio of 7.8 [16] .
The CHORUS Collaboration measured the spectrum-averaged total cross section per nucleon of ν + N → ν + J/ψ + X in DIS to be (6.3 ± 3.0) × 10 −2 fb [12] . The central value of this measurement exceeds our LO NRQCD central prediction for the nondiffractive cross section by a factor of 85, which amounts to 2.1 experimental standard deviations. We have to bear in mind that our prediction is of LO in α s and v and does not account for nuclear effects. Both NLO and nuclear corrections are expected to lead to a substantial enhancement. Furthermore, diffractive processes are expected to have a sizeable cross section because the average value of √ S is rather small and z values in the vicinity of one are not excluded by experimental acceptance cuts. It would be desirable if the CHORUS Collaboration were able to substantially increase their data sample and to exclude the diffractive regime by imposing suitable acceptance cuts on z, p ⋆ T , or M X ′ , and if the NOMAD and NuTeV Collaborations could come up with similar measurements.
Conclusions
We provided, in analytic form, the cross sections of the partonic subprocesses ν + a → ν + cc[n] + a, where a = g, q, q and n = 3 S (1)
J , to LO in the NRQCD factorization formalism [1] . We also confirmed previous results for the cross sections of the partonic subprocesses ν [17] . Using these results, we then studied the cross section of ν + N → ν + J/ψ + X in nondiffractive DIS to LO in NRQCD and the CSM. We presented the cross section per nucleon and averaged it over the effective energy spectrum of the wide-band neutrino beam employed in the CHORUS [12] and NOMAD [13] experiments. Apart from the total cross section, we also considered the p T and y distributions. The cross sections of the 2 → 3 CO partonic subprocesses, which did not enter our phenomenological study, can be used in the future, at LO, in connection with an appropriate acceptance cut on z, p ⋆ T , or M X ′ to exclude the collinear singularities in the limitt → 0 or, at NLO, as an essential ingredient for the real radiative corrections to the inclusive cross section of ν + N → ν + J/ψ + X.
From naïve power counting, one expects the LO CO contribution, which arises from 2 → 2 partonic subprocesses, to be slightly suppressed, by a factor of v 4 /α s ≈ α s relative to the LO CS one, which is generated by 2 → 3 partonic subprocesses. However, our analysis revealed that, under CHORUS and NOMAD kinematic conditions, the CSM prediction is 28 times smaller than the NRQCD one. We demonstrated that this may be attributed to the smallness of the effective value of √ S, which constrains the 2 → 3 phase space more severely than the 2 → 2 one.
The CHORUS measurement of the spectrum-averaged total cross section per nucleon of ν + N → ν + J/ψ + X in DIS overshoots our central LO NRQCD prediction for the nondiffractive cross section by a factor of 85, which corresponds to slightly more than two experimental standard deviations. However, this comparison does not yet permit any meaningful conclusions concerning the validity of the NRQCD factorization formalism [1] . On the one hand, our theoretical prediction should be substantially increased by the inclusion of NLO and nuclear corrections, which are presently still unknown. On the other hand, the experimental error is still rather sizeable, and the diffractive events have not been separated from the experimental data set. The positive conclusion of our analysis is that the inclusion of the CO contribution on top of the CS one leads to an increase of the theoretical prediction by a factor of 28 and thus brings the latter much closer to the CHORUS measurement. in part by the Deutsche 
A Partonic cross sections
In this Appendix, we present analytic expressions for the coefficients F a [n], T a [n], L a [n], and A a [n] appearing in Eq. (11) . In order to compactify the expressions, it is useful to introduce the Lorentz invariants s = 2q · p, t = −2p · p ′ , and u = −2q · p ′ , which are related to the partonic Mandelstam variables by s =ŝ + Q 2 , t =t, and u =û + Q 2 , respectively. ν/ν + q(q) → ν/ν + cc 3 S
(1) 1 + q(q):
where the plus (minus) sign refers to a ν + q or ν + q (ν + q or ν + q) initial state. 
] + Q 6 t[s 7 (11t − 4u) + 5s 6 (9t 2 + 8tu − 4u 2 ) + s 5 (81t 3 + 153t 2 u + 73tu 2 − 36u 3 ) + s 4 (87t 4 + 221t 3 u + 226t 2 u 2 + 99tu 3 − 30u 4 ) + s 3 (56t 5 + 198t 4 u + 231t 3 u 2 + 183t 2 u 3 + 82tu 4 − 12u 5 ) + s 2 (14t 6 + 106t 5 u + 201t 4 u 2 + 145t 3 u 3 + 69t 2 u 4 + 31tu 5 − 2u 6 ) − 2st(2t 6 − 8t 5 u − 53t 4 u 2 − 82t 3 u 3 − 45t 2 u 4 − 8tu 5 − 2u 6 ) − 2t 2 (t + u) 2 × (t 4 − 8t 2 u 2 − 12tu 3 − 3u 4 )] − Q 4 [s 9 (t + u) + s 8 (14t 2 − tu + 6u 2 ) + s 7 (48t 3 + 35t 2 u − 18tu 2 + 16u 3 ) + s 6 (78t 4 + 148t 3 u + 17t 2 u 2 − 54tu 3 + 22u 4 ) + s 5 (75t 5 + 240t 4 u + 214t 3 u 2 − 30t 2 u 3 − 86tu 4 + 16u 5 ) + s 4 (48t 6 + 229t 5 u + 360t 4 u 2 + 216t 3 u 3 − 43t 2 u 4 − 74tu 5 + 6u 6 ) + s 3 (20t 7 + 152t 6 u + 339t 5 u 2 + 326t 4 u 3 + 134t 3 u 4 − 17t 2 u 5 − 31tu 6 + u 7 ) + s 2 t(4t 7 + 62t 6 u + 210t 5 u 2 + 275t 4 u 3 + 150t 3 u 4 + 28t 2 u 5 − 4tu 6 − 5u 7 ) + 2st 2 u(t + u) 2 (5t 4 + 21t 3 u + 21t 2 u 2 + 2tu 3 − u 4 ) + 4t 3 u 2 (t + u) 5 ] + Q 2 s[2s 9 (t + u) + s 8 (12t 2 + 12tu + 13u 2 ) + s 7 (28t 3 + 41t 2 u + 37tu 2 + 37u 3 ) + s 6 (32t 4 + 73t 3 u + 50t 2 u 2 + 62tu 3 + 60u 4 ) + s 5 (18t 5 + 59t 4 u + 29t 3 u 2 − 17t 2 u 3 + 48tu 4 + 60u 5 ) + s 4 (4t 6 + 11t 5 u − 41t 4 u 2 − 146t 3 u 3 − 133t 2 u 4 + 2tu 5 + 37u 6 ) − s 3 u(10t 6 + 84t 5 u + 225t 4 u 2 + 279t 3 u 3 + 162t 2 u 4 + 21tu 5 − 13u 6 ) − s 2 u(t + u) 2 × (4t 5 + 40t 4 u + 87t 3 u 2 + 57t 2 u 3 + 16tu 4 − 2u 5 ) − 2stu 2 (t + u) 3 (4t 3 + 15t 2 u + 9tu 2 + u 3 ) − 4t 2 u 3 (t + u) 5 ] − s 2 (s + u)(s + t + u) 2 [s 6 (t + u) + s 5 (3t 2 + 4tu + 4u 2 ) + s 4 (3t 3 + 7t 2 u + 11tu 2 + 7u 3 ) + s 3 (t 4 + 6t 3 u + 13t 2 u 2 + 14tu 3 + 7u 4 ) + s 2 u(2t 4 + 8t 3 u + 13t 2 u 2 + 11tu 3 + 4u 4 ) + su 2 (t + u) 2 (2t 2 + 2tu + u 2 ) + tu 3 (t + u) 3 ]}, A = 0.
(A.8) Figure 1 : Representative Feynman diagrams for the partonic subprocesses ν + a → ν + cc[n] + a, where a = g, q, q and n = 3 S
1 , 3 P
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